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Background of the Invention 

1. Field of the Invention 

f: 15 This invention relates generally to dielectric structures, and more particularly to 

% dielectric structures for dual-damascene applications. 

% 2. Description of the Related Art 

3 Semiconductor devices are made from multi-layer structures that are fabricated 

f; on semiconductor wafers. Of great importance to the multi-layer structures is the 

]7 20 dielectric materials used in between metallization interconnect lines. In dual- 
damascene applications, the metallization interconnect lines are defined in trenches that 
are etched into dielectric layers. Typically, the interconnect metallization is a copper 
(Cu) material, and the conductive vias are also integrally formed of Cu. As is known to 
those skilled in the art, there are three general techniques for fabricating metallization 
25 interconnect lines and conductive vias. The techniques include: (i) a via first 
fabrication; (ii) self-aligned fabrication; and (iii) trench first fabrication. 

As the demand for faster device speeds continue to increase, fabrication and 
design engineers have been implementing lower dielectric constant materials. 
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Typically, the speed of an interconnect structure is characterized in terms of RC 
(resistance/capacitance) delays. Lower dielectric constant materials help in reducing 
inter-metal capacitance, and therefore, results in reduced delays and faster devices. 

The move toward lower dielectric materials has included the use of both 
organic as well as inorganic materials. One type of lower dielectric material includes a 
carbon doped silicon dioxide (C-oxide). C-oxide typically has a dielectric constant of 
about 3.0 or lower, compared to dielectric constants of about 4.1 for silicon dioxides 
(e.g., un-doped TEOS). Although lower dielectric constants are achieved using ep- 
oxide, this type of inorganic material poses etching difficulties. These difficulties are 
primarily due to the fact that C-oxide is partially organic (i.e., due to the carbon) and 
partially inorganic (Le., silicon dioxide). Also, etch chemistries are generally 
optimized for inorganic only or organic only films. 

To further describe these difficulties, reference is now made to Figure 1. As 
shown, a dielectric 10 is shown having a copper trench line 12 with a liner barrier 14. 
A barrier layer 16a is used to prevent copper from diffusing into the dielectric 10. A 
first oxide layer 18a is deposited over the barrier layer 16a, and a trench stopping layer 
16b is deposited over the first oxide layer 18a. A second oxide layer 18b is then 
deposited over the trench stopping layer 16b. In cases where the first and second oxide 
layers 18a and 18b are un-doped TEOS oxide or fluorine doped oxides, there are well 
developed etching techniques that provide excellent selectivities to the layers 16a and 
16b. For example, such selectivities are in the range of about 20:1, which therefore 
enable the thicknesses of the layers 16a and 16b to be kept at a minimum. This is 
important because layers 16, which are typically made of silicon nitride (SiN) or silicon 
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carbide (SiC) have dielectric constant levels as high as about 9. Selectivities in the 
20:1 range therefore prevent the barrier layer 16a from being prematurely removed 
when relatively thin layers are formed. 

On the other hand, when lower dielectrics such as C-oxide are implemented for 
5 oxide layers 18a and 18b, the selectivity to the barrier layers 16 is reduced to ranges 
nearing about 5:1. This reduction in selectivity therefore causes the barrier layer 16a to 
be removed at location 30, thereby exposing the underlying copper line 12 to oxygen. 
When this happens, increased oxidation of the exposed copper will occur (during 
ashing operations and the like), which therefore generates higher resistive contacts 

10 through via holes 20. Even though the barrier layer 16a will be removed prior to 
sputtering with a liner barrier, the premature exposure does increase the degree of 
oxidation. In addition, once the copper is exposed, an amount of copper can be etched 
and possibly caused to be deposited into the dielectric walls of the via holes 20. 
Obviously, if copper material were to be deposited into the inter-metal dielectric, a 

15 device may fail to optimally perform in accordance with desired performance 
specifications. 

In view of the foregoing, there is a need for low K dielectric materials for use in 
dual-damascene applications that etch well and retain high selectivity to copper barrier 
layer materials. 
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Summary of the Invention 

Broadly speaking, the present invention fills these needs by providing inter- 
metal dielectric structures having improved performance in dual-damascene 
applications. It should be appreciated that the present invention can be implemented in 
5 numerous ways, including as a process, an apparatus, a system, a device, or a method. 
Several inventive embodiments of the present invention are described below. 

In one embodiment, a method for making a dielectric structure for dual- 
damascene applications over a substrate is disclosed. The method includes forming a 
barrier layer over the substrate, forming an inorganic dielectric layer over the barrier 

10 layer, and forming a low dielectric constant layer over the inorganic dielectric layer. In 
this preferred embodiment, the method also includes forming a trench in the low 
dielectric constant layer using a first etch chemistry, and forming a via in the inorganic 
dielectric layer using a second etch chemistry, wherein the via is within the trench. In 
one specific example, the inorganic dielectric layer can be an un-doped PECVD TEOS 

15 oxide or a fluorine doped oxide, and the low dielectric constant layer can be a carbon 
doped oxide or other low K dielectric materials. 

In another embodiment, a method for making a multi-layer inter-metal dielectric 
over a substrate is disclosed. The method includes: (a) forming a barrier layer over the 
substrate; (b) forming a silicon dioxide layer over the barrier layer; (c) forming a low K 
20 dielectric layer over the silicon dioxide layer; (d) forming a trench through the low K 
dielectric layer; and (e) forming a via in the trench extending to the barrier layer. The 
forming of the trench is performed using a first etch chemistry and the forming of the via 
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is performed using a second chemistry that is highly selective to the barrier layer and 
optimized to etch through the silicon dioxide layer. 

In yet a further embodiment, a method of making a dielectric layer for use in dual- 
damascene applications is disclosed. The method includes providing a substrate, 
depositing a barrier layer over the substrate, and depositing a dopant varying oxide layer 
over the barrier layer. The depositing of the dopant varying oxide layer includes: (a) 
depositing in a chemical vapor deposition chamber an initial amount of un-doped oxide 
over the barrier layer; and (b) introducing an increasing amount of carbon into the 
chemical vapor deposition chamber, such that a topmost portion of the dopant varying 
oxide layer has a lower dielectric constant than the initial amount of un-doped oxide. 

In still another embodiment, a multi-layer dielectric layer over a substrate for use 
in dual-damascene applications is disclosed. The multi-layer dielectric layer includes: (a) 
a barrier layer that is disposed over the substrate; (b) an inorganic dielectric layer that is 
disposed over the barrier layer; and (c) a low dielectric constant layer that is disposed 
over the inorganic dielectric layer. The inorganic dielectric layer is configured to receive 
metallization line trenches and the low dielectric constant layer is configured to receive 
vias during a dual-damascene process. 

Advantageously, the ability to achieve high selectivity to the barrier layer during 
the via etch will allow the barrier layer thickness to be decreased, thus lowering the 
overall inter-layer capacitance. Further, the ability to achieve this selectivity during the 
via etch will also improve line depth uniformity control. Furthermore, manufacturing 
costs will be lowered and throughput increased as the barrier layer, the via dielectric and 
the trench dielectric materials are deposited by way of one deposition platform. By way 
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of example, a single deposition chamber can be used to deposit multiple layers or layers 
having varying profiles in their dielectric constant. Other aspects and advantages of the 
invention will become apparent from the following detailed description, taken in 
conjunction with the accompanying drawings, illustrating by way of example the 
principles of the invention. 
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Brief Description of the Drawings 



The present invention will be readily understood by the following detailed 
description in conjunction with the accompanying drawings, and like reference numerals 
designate like structural elements. 

Figure 1 shows a cross-sectional view of a dielectric structure having a partially 
removed barrier layer. 

Figure 2 illustrates a cut-out of a semiconductor structure having a plurality of 
fabricated layers, in accordance with one embodiment of the present invention. 

Figure 3 illustrates a trench defined in the trench dielectric down to the via 
dielectric, in accordance with one embodiment of the present invention. 

Figures 4 and 5 illustrate a via defined in the via dielectric down to the barrier 
layer, in accordance with one embodiment of the present invention. 

Figure 6 illustrates the structure of Figure 5 after the barrier layer region is 
removed from within the via hole, in accordance with one embodiment of the present 
invention. 

Figure 7 illustrates another embodiment of the present invention, in which the 
low-K dielectric layer is thicker than the inorganic dielectric layer. 

Figure 8A illustrates yet another embodiment of the present invention, in which 
a dopant varying oxide layer is deposed over a barrier layer, in accordance with one 
embodiment of the present invention. 
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Figure 8B is a graph that generally shows the amount of carbon dopant that can 
be introduced over the increasing thickness of the dopant varying oxide, in accordance 
with one embodiment of the present invention. 

Figure 9 illustrates a semiconductor structure having multiple metal layers. 

Figures 10A - IOC illustrate copper filled via and trench structures, in 
accordance with one embodiment of the present invention. 



LAM1P106/ASP 



8 



Patent Application 



Detailed Description of the Preferred Embodiments 

An invention is described for inter-metal dielectric structures and methods of 
making inter-metal dielectric structures having improved performance in dual- 
damascene applications. It will be obvious, however, to one skilled in the art, that the 
present invention may be practiced without some or all of these specific details. In other 
instances, well known process operations have not been described in detail in order not 
to unnecessarily obscure the present invention. 

In the embodiments of the present invention, a dual-damascene technique is 
used to define metallization lines and conductive vias in dielectric layers. As 
mentioned above, three dual-damascene techniques are typically used for defining a 
trench and via. These techniques include: (i) via first fabrication; (ii) self-aligned 
fabrication; and (iii) trench first fabrication. In the following illustrations, emphasis 
will be placed on trench first fabrication, however, the benefits of and advantages of 
the present invention should be understood to extend to all dual-damascene fabrication 
techniques. 

Figure 2 illustrates a cut-out of a semiconductor structure having a plurality of 
fabricated layers, in accordance with one embodiment of the present invention. The 
structure has an oxide layer 100, which was previously fabricated to form a 
metallization line therein. The metallization line is typically fabricated by etching a 
trench into the oxide 100 and then filling the trench with conductive material. The * 
conductive material is preferably a copper material 122. 
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In the trench, a barrier layer 120 is preferably sputtered to prevent the copper 
material 122 from diffusing into the oxide 100. In a preferred embodiment, the barrier 
layer 120 is tantalum nitride (TaN). Of cowse, other barrier layer materials can also be 
used. The barrier layer 120 will thus line the walls of the trench and interface with the 
5 copper material 122. After a chemical mechanical polishing operation (CMP) is 
performed to remove the barrier layer 12Ctand the excess copper material 122 from over 
the oxide 100, a copper metallization line will be formed. Once the appropriate number 
of metallization lines and vias (not shown) have been formed in the oxide 100, a barrier 
layer 102 is deposited to protect the copper material 122 from premature oxidation when 
^A^Q 10 v * a holes are^^t^rough overlying dielectric materials to the barrier layer 102. The 
S| barrier layer 102 is also configured to function as a selective etch stop. In this 

01 embodiment, the barrier layer 102 is preferably silicon nitride (SiN) or silicon carbide 

If (SiC). 

[j; Once the barrier layer 102 has been properly deposited, a via dielectric layer 104 

m 15 is deposited to a thickness that is approximately the desired depth of a subsequently 
H formed via hole. In a particular example, the via dielectric layer 104 may have a via 

dielectric (VD) thickness that ranges between about 4000 angstroms and about 5000 
angstroms, and is most preferably about 4500 angstroms. The via dielectric layer 104 is 
preferably made from a dielectric material that when etched, is very selective to the 
20 barrier layer 102. 

By way of example, the via dielectric layer 104 is preferably an inorganic silicon 
dioxide. Example silicon dioxides can include, a PECVD un-doped TEOS silicon 
dioxide, a PECVD fluorinated silica glass (FSG), HDP FSG, etc. and the like. Once the 
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via dielectric layer 104 has been deposited to the desired thickness, a trench dielectric 
layer 106 is deposited to a suitable thickness that approximates the depth of a 
subsequently etched trench (i.e., for defining metallization lines). Preferably, the trench 
dielectric (TD) layer has a thickness ranging between about 4000 angstroms and about 
5 6000 angstroms, and most preferably is about 5000 angstroms. 

It is now important to note that the material properties of the trench dielectric 
layer 106 are different than that of via dielectric layer 104. In a preferred embodiment 
of the present invention, the trench dielectric layer 106 is a low K dielectric material. In 
general, the dielectric constant of the trench dielectric layer 106 is below about 3, while 
h q 10 the dielectric constant of the via dielectric layer 104 is about 4. It should be understood 



that any number of low K dielectric materials can be used for the trench dielectric layer 
106, such as, organic dielectric materials and inorganic dielectric materials. In a most 
preferred embodiment, the trench dielectric layer 106 is preferably carbon doped oxide 
(C-oxide). C-oxide is considered an inorganic dielectric, although, C-oxide is actually 



m 15 part inorganic and part organic. Typically, the dielectric constant of C-oxide can be 



Once the structure of Figure 2 is complete, a photoresist layer lOEa^is spin- 
coated over the top surface of the trench dielectric layer 106. The photoresist 108a is 
then patterned using a suitable photolithography technique to define the appropriate 
20 patterns for the subsequently etched trenches in the trench dielectric 106. As shown in 
Figure 3, a trench 110 is etched into the trench dielectric 106 down to the via dielectric 
104. The trench etch is preferably performed using etching chemistries that are well 
configured to etch through low K dielectric materials, such as the C-oxide. A preferred 
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about 3.0 or lower. 





etch chemistry to etch through the trench dielectric 106 is Ar/02/CF4. Other example 
chemistries can include, Ar/CO/CF4/C4F8, Ar/02/C4F8, N2/02/C2H2F4, 
N2/02/C2H4, H2/CF4/Ar, and C12/02. The trench etch can be a timed process, which 
is configured to stop when substantially all of the trench dielectric layer in the trench 
5 110 is removed. An example etch rate for C-oxide using Ar/02/CF4 can be about 
10,000 angstroms/minute. It should also be noted that, no trench barrier layer (e.g., like 
16b) is used in the structure of the present invention in an effort to further decrease the 
dielectric constant of the dielectric material. 

Although the selectivity to the barrier layer 102 is not very good for etching 
10 chemistries implemented to etch through the low K dielectric of the trench dielectric 
layer 106, a different etch chemistry is used to etch through the via dielectric 104. Thus, 
once the trench 110 has been defined through the trench dielectric layer 106, a via hole 
photoresist mask 108t^is defined over the trench dielectric 106 and within the trench 
1 10 to define the locations of desired via holes. 



15 After the via hole photoresist mask 108b is properly defined, an etching 

operation is performed to etch through the via dielectric layer 104Lusmg a chemistry that 
is optimized to etch through inorganic oxide materials. Any standard inorganic oxide 
material can be used for the via dielectric layer 104. Example oxides include un-doped 
TEOS silicon dioxide, and fluorine doped oxides. The chemistry implemented to etch 

20 through these common silicon dioxide materials should have very good selectivities to 
the barrier layer, which is typically silicon nitride (SiN) or silicon carbide (SiC). One 
example chemistry for etching through the via dielectric can be C4F8/CO/Ar/02. Using 
this exemplary chemistry, selectivities to the barrier layer 102 can range up to about 
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20:1, thereby preventing inadvertent removal of the barrier layer 102. Thus, the via 
etching operation that is used to define the via hole 112 through the via dielectric layer 
104 is well configured to substantially stop at and^xposed a barrier layer region 102a. 

At the time the fabrication proceeds to the sputtering of a barrier layer within the 
surfaces of the trench regions and the via holes, the barrier layer 102a is removed as 
shown in Figure 6. By removing the barrier layer 102a, the copper material 122 will be 
exposed and may therefore form an oxidized layer of copper where exposed. However, 
the amount of copper oxide (CuOx) formed over the copper material 122 will be 
minimal and controlled during the fabrication of the via holes. In fact, the barrier layer 
102a may not be removed until after an ashing operation is performed to remove the 
photoresisty^ Aa -ohown -in Figure*! QA y^the walls of the trench regions 110 and the via 
holes 1 12 are then coated with a barrier layer 300, which is preferably a tantalum nitride 
(TaN) material, or a tantalum (Ta) material. 

After the barrier layer 300 is formed, a copper material is formed within the via 
holes 112 and the trenches 110 to define the copper material 302 that make the 
conductive contacts and metallization lines. In the example of Figure 10A, it is assumed 
that a copper chemical mechanical polishing (CMP) operation was performed to remove 
the barrier layer material 300 and the copper material from over the surface of the trench 
dielectric layer 106. 

Referring now to Figure 7, another embodiment of the present invention is 
disclosed. In this embodiment, the inorganic dielectric material 104' is deposited to a 
reduced thickness and a lower K dielectric material 106' is deposited to an increased 
thickness, relative to the embodiment of Figure 2. 
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By way of example, the dielectric material 104' can be a TEOS dielectric 
material, a fluorine doped dielectric material, or other dielectrics having excellent etch 
selectivities to the barrier layer 102. The lower K dielectric material 106' can be any 
suitable low K dielectric material, such as, an organic or inorganic low K dielectric 
5 material. Preferably, the lower K dielectric material 106' is C-oxide. In this 
embodiment, the trench 110 is first etched E 1 using a first etch chemistry that is 
optimized to etch the lower K dielectric material 106\ As described above, one 
exemplary chemistry is Ar/02/CF4. The trench depth is preferably calculated using a 
timing technique which determines when the etching operation should stop. 

" 10 Now that the trenches 110 have been etched throughout an integrated circuit 

: device, a photoresist mask (not shown) is used to define the locations of the via holes 

112 which are partially etched E 2 using the same etch chemistry that is optimized to etch 
hS through the lower K dielectric material 106'. This etch E 2 preferably stops at about the 

Irj interface of the dielectric material 104'. Once the via hole has been partially defined 

h\ 15 through the lower K dielectric material 106', a third etch E 3 is used to etch through the 
dielectric material 104'. 

The etching chemistry of the third etch is preferably well configured to have 
high selectivity to the barrier layer 102. The etch operation will therefore stop at the 
barrier layer 102 without exposing the copper material 122 in the metallization line of 
20 the oxide 100. The barrier layer 102 is then removed just before the barrier layer 300 is 
formed on the inner surfaces of the French regions 1 10 and the via holes 1 12 as shown in 
Figure 10B. The trench regions and the via holes are then filled with a copper material 
and then a CMP operation is performed to remove the excess conductive material from 
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over the lower K dielectric material 106'. Also shown in Figure 10B is that 
substantially more lower K dielectric layer 106* "(low K) D" is implemented that the 
trench dielectric 'TD". In one embodiment, it is preferred that at least about 1,000 
angstroms of TD remain over the barrier layer 102. The typical thickness of both the 
(low K) D and TD layers is about 10,000 angstroms. Of course, this is only an 
exemplary thickness and it will change from design-to-design. 

Figure 8A shows yet another embodiment of the present invention, in which a 
chemical vapor deposited dielectric layer 204 is formed ove* the barrier layer 102. As 
shown in Figure 8B, the chemical vapor deposited dielectric material 204 wilt have a 
varying profile of carbon. In general, substantially no carbon is provided at a point 230 
when the deposition begins. When the deposited material grows to a thickness (TT) 
that will provide for a subsequently^^* via hole, the carbon content at a point 232 will 
start to increase to a level "C." Level C is generally the amount of carbon that is 
introduced into a CVD chamber to produce C-oxide having a dielectric constant that is 
less than about 3, and preferably about 2.7 

In this preferred embodiment, as the thickness of the dielectric layer 204 
increases, (as more dielectric material is deposited), carbon is introduced into the 
deposition chamber such that the deposited material will have more carbon content as a 
greater thickness is formed. By way of example, Figure 8B illustrates a graph in which 
the carbon content is plotted against the dielectric thickness of the chemical vapor 
deposited dielectric 204 of Figure 8A. As shown, initially the carbon content will be 
substantially zero and the dielectric material will be generally all inorganic Si0 2 . 
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As more dielectric material is deposited in the chemical vapor deposition 
chamber, the carbon content is ramped up to about a full carbon content amount at a 
trench thickness (TT). The trench thickness is illustrated in Figure 8 A as being the 
depth of the trench 110 that will subsequently be etched into the dielectric layer 204. 
Once above the trench thickness, the carbon content is increased to a level that is 
configured to make the topmost portion of the-dielectric 204 a low K dielectric material 
having a dielectric constant of below about 3. Accordingly, the etching of the trenches 
and the via holes through the dielectric material 204 will be performed in a two-step 
process. The first step will include etching through the topmost portion of the dielectric 
layer 204 with an etch chemistry that is optimized to etch the carbon doped oxide (ep- 
oxide). The etching is preferably performed using a timed etch that is configured to 
determine when the appropriate trench thickness depth has been achieved. 

In a next step, the via hole 212 can be etched through the dielectric layer 204, 
which is substantially less doped as the dielectric material approaches the barrier layer 
102. In a preferred embodiment, the etching chemistry implemented to etch the via hole 
will be configured to etch typical inorganic dielectrics and thus have very good 
selectivity to the barrier layer 102. By way of example, the selectivity can be about 
20:1, thus preserving the integrity of the barrier layer 102. This also allows thinner 
barrier layers 102 to be used, thus lowering the dielectric constant. 

Figure 10C illustrates a dual-damascene via and trench structure, after a barrier 
layer 300 and a copper metallization 302 have been deposited, in accordance with one 
embodiment of the present invention. When the time comes to remove the barrier layer 
region 102a from within the via holes 112, substantially less copper oxidation will 
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occur, since this removal does not occur until after many of the operations (e.g., ashing) 
that could have caused high oxidation were performed. In this embodiment, the 
dielectric thickness "DT" can range from design-to-design, however, a typical thickness 
is about 10,000 angstroms. 

Reference is now drawn to Figure 9, which illustrates a semiconductor structure 
250, in accordance with one embodiment of the present invention. This structure is 
provided to pictorially point-out where devices benefit most by having low K inter- 
metal dielectrics. In general, a region 224 between metal lines 240a and 240b will 
contribute most to speed decreasing RC delays than a region 226 between metal lines 
240a and 230. As discussed above with reference to the various embodiments, the 
upper most part of an inter-metal dielectric (i.e., the trench region) is low-K. Therefore, 
a device having lower most parts (i.e., the via region) of an inter-metal dielectric as 
basic inorganic Si0 2 will generally not increase speed obstructing RC delays. 

Although the foregoing invention has been described in some detail for purposes 
of clarity of understanding, it will be apparent that certain changes and modifications 
may be practiced within the scope of the appended claims. Accordingly, the present 
embodiments are to be considered as illustrative and not restrictive, and the invention is 
not to be limited to the details given herein, but may be modified within the scope and 
equivalents of the appended claims. 

What is claimed is: 
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